Background {#Sec1}
==========

As the new paradigm shift in cancer treatment, immunotherapy is the epitome of personalized medicine, as a patient's immune system is enlisted to fight their own cancer. Originally manifest as monoclonal antibody therapy, immunotherapy now has a broadened definition that encompasses tumor vaccines, checkpoint blockades, bispecific antibodies, tumor infiltrating lymphocytes (TILs), and most recently, chimeric antigen receptor (CAR) T cell therapy. T cells are a critical component of the adaptive immune system as they not only orchestrate cytotoxic effects, but also provide long term cellular 'memory' of specific antigens \[[@CR1]\]. Commonly, a patient will have TILs specific for their tumor but these cells are often retrained by the tumor microenvironment to become anergic and nonfunctional \[[@CR2]\]. T cells endogenously require the interaction between MHC displayed peptides and their TCR to activate \[[@CR3]\], but CAR T cells have been engineered to activate via a tumor-associated or tumor-specific antigen (TAA and TSA, respectively). CAR T cells are a "living drug" comprised of a targeting domain (single chain variable fragment (scFv), peptides, polypeptides, ligands, muteins, etc.) fused to the signaling domain of a T cell \[[@CR4], [@CR5]\]. Upon recognition and binding to the scFv target, the T cell activates and subsequent target cell killing is initiated. CAR T cell therapy has been revolutionary in the treatment of hematological malignancies with the targets CD19 and CD20 but has been unable to translate effectively to solid tumors. A major drawback for CAR therapy in solid malignancies is the lack of cancer-specific tumor targets. While hematological malignancies do not necessarily require complete antigen target specificity towards cancer cells, solid tumor targets are more delicate and targets ideally cannot be expressed on normal tissue. With the struggles facing CAR T cell therapy (on-target off-tumor cytotoxicity, persistence in vivo, immunosuppressive tumor microenvironment, cytokine release syndrome, etc.), biomarker discovery and specificity is essential for further CAR T cell development and success.

With over 300 CAR T cell therapy clinical trials ongoing in CAR therapy as of May 2018, there has been an equally impressive effort to identify and characterize TAA or TSA surface biomarkers in solid tumors. Biomarkers have been an integral component of cancer for several decades, and with the expansion of CAR T cell therapy, a new category of therapeutic biomarkers has arisen. These markers can be used to direct CAR T cells to malignant target cells (Fig. [1](#Fig1){ref-type="fig"}). The effort to identify and characterize these therapeutic biomarkers has been substantial and has increased exponentially over the last decade. As a result, 18 surface biomarkers are currently being evaluated in clinical trials (Fig. [2](#Fig2){ref-type="fig"}). In addition, there is also a significant number of pre-clinical biomarkers that have shown promise as targets for CAR therapy due to their unique expression on cancer cells. Here, we summarize the biomarkers currently under investigation in clinical trials for both hematological and solid malignancies, along with those that may prove useful in future CAR therapies for solid tumors.Fig. 1Uses of Cancer Biomarkers*.* Cancer biomarkers have had a historically proven useful for several different aspects of cancer patient care. With the advent of immunotherapy, surface cancer biomarkers are being utilized as therapeutic targets to direct and orchestrate an immune response in a cancer-specific fashionFig. 2Current CAR T cells in clinical trials. From the initial success of CD-19 CAR T cell therapy, several new biomarker targets have emerged and are being tested in clinical trials. This expansion of targets has expanded CAR T cell therapy to the treatment of not just hematological malignancies, but also to solid tumors as well

Surface biomarkers have expanded significantly over the last decade {#Sec2}
===================================================================

CAR T cell therapy was initially conceptualized in 1989 \[[@CR6]\] and was recognized as an effective therapeutic after targeting CD19 for the treatment of lymphomas and leukemias \[[@CR7]--[@CR9]\]. This led to an exponential growth in CAR therapy and as a direct consequence, in surface biomarker discovery (Fig. [3](#Fig3){ref-type="fig"}). In 2012, there were a total of 5 clinical trials, four targeting CD19 and one targeting Mesothelin. This number has continued to grow and the number of biomarkers tested in a clinical setting has also expanded from 2 to 25. The year 2017 saw more clinical trials than any previous year with 111 initiated, targeting 17 different biomarkers (Table [1](#Tab1){ref-type="table"}). This growth demonstrates not only the efficacy of CAR T cell therapy, but also the huge push in immunotherapy to find new and better targets.Fig. 3Clinical trial Biomarkers as of May 2018 by year. The expansion of CAR targets is shown as the diversity and number of clinical trials has exponentially increased from 2012. Not only are there more clinical trials utilizing CAR T cell therapy, there are also more targets being evaluatedTable 1Current Clinical Trials (as of April 2018)TargetNameFunctionDiseaseClinical Trials in 2018CD19Cluster of Differentiation 19Dominant signaling component on mature B cellsALL, B cell lymphoma, leukemia, Non-Hodgkin lymphoma,NCT03366350^b^, NCT03366324^b^, NCT02546739^b^, NCT03448393^b^, NCT03467256^b^, NCT03488160^b^, NCT03016377^b^, NCT03468153^b^, NCT03483688^b^, NCT03398967^b^, NCT03229876^b^, NCT03455972^b^, NCT03423706^b^, NCT03497533^b^Mesothelinexact function of mesothelin in these normal mesothelial cells is unclear.Pancreatic cancer, Cervical Cancer, Ovarian Cancer, Lung Cancer, Peritoneal carcinoma, Fallopian tube cancer, Colorectal Cancer, Breast CancerNCT02930993^a^, NCT03182803^a^, NCT03030001^a^, NCT02706782^a^, NCT01583686^a^, NCT03356795^a^, NCT03054298^a^, NCT03267173^a^, NCT02792114^a^, NCT02959151^a^, NCT02580747^a^, NCT02414269^a^, NCT02465983^a^, NCT03323944^a^,Her2Human Epidermal Growth Factor Receptor 2Activate intracellular signaling pathways in response to extracellular signals.CNS tumor, Breast Cancer, Ovarian Cancer, Lung Cancer, Gastric Cancer, Colorectal Cancer, Glioma, Pancreatic Cancer, GlioblastomaNCT03500991^b^, NCT03423992^b^, NCT02713984^a^, NCT03267173^a^, NCT02792114^a^, NCT02442297^a^, NCT00889954^a^, NCT03423992^a^, NCT01109095^a^, NCT02706392^a^, NCT00902044^a^, NCT03389230^a^,\
NCT01818323^a^PSCAProstate Stem Cell AntigenNot well understoodPancreatic cancer, lung cancerCT03198052^a^, NCT02744287^a^, NCT03267173^a^CEACarcinoembryonic antigenCell adhesionLiver metastases, lung cancer, colorectal cancer, gastric cancer, breast cancer, pancreatic cancer,NCT02850536^a^, NCT02349724^a^, NCT03267173^a^, NCT02959151~,~ NCT01212887^a^CD33Siglec-3Transmembrane receptor on myeloid lineageMyeloid leukemia,NCT03473457^b^, NCT02958397^a^, NCT03126864^a^, NCT03222674^a^,GAPGTPase-activating proteinTerminating G protein signalingSolid tumorsNCT02932956^b^GD2Ganglioside G2Glioma, Cervical cancer, sarcoma, neuroblastoma,NCT03423992^b^, NCT03356795^a^, NCT02992210^a^, NCT01953900^a^, NCT02761915, NCT03373097^a^, NCT02765243^a^, NCT03423992^a^, NCT03294954^a^, NCT03356782^a^, NCT02919046^a^,CD5Cluster of differentiation 5TCR inhibitory moleculeT cell acute lymphoblastic lymphoma, T-non-Hodgkin lymphoma,NCT03081910^a^,PSMA (PSMA/TGFβ)Prostate specific membrane antigenTransmembrane proteinCervical cancer, Prostate cancer, Bladder cancerNCT03356795^a^, NCT03089203^a^ (-TGFβ), NCT03185468^a^, NCT01140373^a^ROR1Receptor Tyrosine Kinase like Orphan Receptor 1Modulates neurite growth in the CNSBreast cancer, lung cancer, lymphoblastic leukemia,NCT02706392^a^,CD123IL-3RAInvolved in hematopoietic progenitor cell differentiation and proliferationAML, Leukemia,NCT03473457^b^, NCT03125577^a^, NCT02937103^a^, NCT03114670^a^, NCT02159495^a^, NCT03098355^a^, NCT03222674^a^, NCT03203369^a^, NCT03190278^a^,CD70Cluster of differentiation 70Induces proliferation of costimulated T cellsB cell malignancies, pancreatic cancer, renal cell cancer, breast cancer, melanoma, ovarian cancerNCT03125577^a^, NCT02830724^a^,CD38Cluster of differentiation 38Cell adhesion, signal transduction, and calcium signalingMyeloma,NCT03464916^b^, NCT03473496^b^, NCT03473457^b^, NCT03125577^a^, NCT03222674^a^, NCT03271632^a^,BCMAB cell maturation antigenMediates the survival of plasma cellsMyelomaNCT03448978^b^, NCT03473496^b^, NCT03430011^b^, NCT03455972^b^, NCT02954445^a^, NCT03322735^a^, NCT03338972^a^, NCT03318861^a^, NCT02215967^a^, NCT03093168^a^, NCT03274219^a^, NCT03302403^a^, NCT03492268^a^, NCT03288493^a^, NCT03070327^a^, NCT03196414^a^, NCT03448978^a^, NCT02958410^a^, NCT03287804^a^, NCT03473496^a^, NCT03380039^a^, NCT03430011^a^, NCT03361748^a^, NCT03455972^a^, NCT02546167^a^, NCT03271632^a^Muc1Mucin 1Mucous barrier formation on epithelial surfacesSarcoma, Leukemia, Pancreatic cancer, cervical cancer, lung cancer, hepatocellular carcinoma, breast cancer, glioma, colorectal cancer, gastric cancerNCT03179007^a^, NCT02587689^a^, NCT02617134^a^, NCT03198052^a^, NCT03356795^a^, NCT03267173^a^, NCT03222674^a^, NCT03356782^a^EphA2Ephrin type-A receptor 2 precursorEph-ephrin bidirectional signaling pathway of mammalian cellsGliomaNCT03423992^b^EGFRVIIIEpidermal growth factor receptor variant IIICell differentiation and proliferationGlioblastomaNCT03283631^b^IL13Ra2Interleukin 13 receptor, alpha 2Signal processing via Jak-STATGliomaNCT02208362^a^CD133Prominin-1unknownGlioma, AML, Liver Cancer, Pancreatic Cancer, Ovarian Tumor, Colorectal Cancer, Breast CancerNCT03473457^b^, NCT03356782^a^, NCT03423992^b^GPC3Glypican 3Regulate cell growth, division, and survivalHeptocellular carcinoma, lung cancer, Lymphoma, Leukemia, Pancreatic Cancer, Colorectal CancerNCT02905188^b^, NCT02932956^b^, NCT02715362^a^, NCT03130712^a^, NCT02395250^a^, NCT02876978^a^, NCT03198546^a^, NCT02723942^a^, NCT03084380^a^, NCT03302403^a^, NCT03146234^a^, NCT02959151^a^,EpCamEpithelial cell adhesion molecule precursorEmbryonic stem cell proliferation and differentiationBreast Cancer, Colon Cancer, Pancreatic Cancer, Esophageal Carcinoma, Gastric Cancer, Prostate Cancer, Hepatic Carcinoma, Lymphoma, LeukemiaNCT02915445^a^, NCT03013712^a^, NCT02729493^a^, NCT02725125^a^, NCT02728882^a^, NCT02735291^a^FAPFibroblast activation protein alphaNeuropeptide regulation. hFGF21 inactivationPleural MesotheliomaNCT01722149^a^Note. ^a^; indicate trials ongoing/active, ^b^; indicate trials that started in 2018

Current clinical targets for hematological malignancies {#Sec3}
=======================================================

As the most studied and researched target for CAR therapy, CD19 has shown impressive success in clinical settings to treat Acute Lymphoblastic Leukemia (ALL), Non-Hodgkin Lymphoma (NHL), and Chronic Lymphocytic Leukemia (CLL) \[[@CR10]\]. Despite the high levels of complete response rates in patients, relapse from CD19 CAR therapy can occur via a suppressive tumor microenvironment or antigen escape \[[@CR11]--[@CR13]\]. With this in mind, new targets are being identified and evaluated to treat hematological malignancies. Among these new targets are CD5, CD123, CD33, CD70, CD38, and BCMA. These same targets have already shown promise using drug-conjugated antibodies, and several have been FDA approved for treatment (Figs. [1](#Fig1){ref-type="fig"}, [2](#Fig2){ref-type="fig"}, [3](#Fig3){ref-type="fig"} and [4](#Fig4){ref-type="fig"}). These biomarkers are now being evaluated as targets for adoptive T cell CAR therapy to treat hematological malignancies.Fig. 4Biomarker targets for hematological malignancies. The endogenous function of each of **a** CD5, **b** BCMA, **c** CD33, **d** CD38, **e** CD70, and **f** IL13Rα2 are shown. These targets are all being utilized to treat hematological malignancies in clinical trials. They are not cancer-specific and do have expression on normal cells, but have an elevation within cancer that is being used for targeting

CD5 {#Sec4}
---

CD5 is a negative regulator of TCR signaling and is expressed on the surface of most T cells and on a specific subpopulation of B cells (B-1) found most commonly in fetal cells \[[@CR14]\] (Fig. [4a](#Fig4){ref-type="fig"}). CD5 has high expression in approximately 80% of T-cell acute lymphoblastic leukemia (T-ALL) and T cell lymphomas along and also has significant expression on B-cell lymphomas \[[@CR15]\]. CD5 was first utilized as an immunotherapy treatment via immunotoxin-conjugated antibodies \[[@CR16]--[@CR22]\] that aided in the depletion of malignant T cell populations in treated patients. More recently, CD5 has been utilized as a CAR target to treat T cell malignancies directly. As CD5 is not cancer specific, this treatment results in T cell aplasia \[[@CR23], [@CR24]\]. While this therapy is effective in eliminating malignant T cells, sustained T cell aplasia is a potentially undesirable outcome of treatment.

IL3Rα {#Sec5}
-----

Interleukin-3 receptor alpha chain (IL3Rα or CD123) is a surface receptor found overexpressed in several hematological malignancies including blastic plasmacytoid dendritic cell neoplasm (BPDCN) \[[@CR25]\], hairy cell leukemia \[[@CR26], [@CR27]\], B-cell acute lymphocytic leukemia (B-ALL) \[[@CR26], [@CR28]\], and Acute myeloblastic leukemia (AML) \[[@CR29], [@CR30]\]. As the receptor expression is limited on hematopoietic stem cells, the receptor has promising use as a targetable biomarker for CAR therapy \[[@CR30], [@CR31]\] (Fig. [4f](#Fig4){ref-type="fig"}). Initial targeting of IL3Rα was conducted utilizing the natural ligand, IL-3, but CAR T cell approaches are now being utilized to further target this receptor to treat primarily AML patients. Initial trials with CD123 CAR cells showed potent cytotoxicity against AML cells within mice \[[@CR32]--[@CR35]\] and in human patients \[[@CR36]\]. This preliminary success has led to its further testing in clinical trials, evaluating this therapy for both safety and efficacy against AML. IL3Rα, like CD5, is not cancer specific, and the consequence of CD5 CAR T cells is severe myeloablation \[[@CR37], [@CR38]\].

CD33 {#Sec6}
----

CD33 is a transmembrane receptor that binds sialic acid and causes inhibition of activation. The protein is expressed on AML blasts and normal myeloid progenitors \[[@CR39]--[@CR43]\] (Fig. [4c](#Fig4){ref-type="fig"}). Because CD33 is absent in adult pluripotent hematopoietic stem cells and has elevated expression on approximately 85--90% of AML patients, the antigen has gained clinical significance as a TAA \[[@CR44]--[@CR46]\]. In initial trials testing the efficacy of CD33 CAR T cells, patients showed signs of an inflammatory reaction in response to infused CAR T cells: chills, fever, and elevated cytokine levels. This resulted in reduced blasts within the bone marrow following two weeks of therapy \[[@CR47]\]. Following these preliminary tests, clinical trials are ongoing to determine if CD33 is a safe and effective treatment for myeloid leukemia.

CD70 {#Sec7}
----

CD70 is a target that is being utilized to treat both hematological malignancies as well as solid tumors (Table [1](#Tab1){ref-type="table"}). CD70 is the membrane-bound ligand of the CD27 receptor (TNF superfamily) \[[@CR48]--[@CR50]\] (Fig. [4e](#Fig4){ref-type="fig"}). Expression of CD70 is limited to diffuse large B-cell and follicular lymphomas, as well as Hodgkin's lymphoma, multiple myeloma, and EBV-associated malignancies \[[@CR51]--[@CR55]\]. Additionally, CD70 is also expressed on other malignancies such as glioma \[[@CR56]--[@CR59]\], breast cancer \[[@CR60], [@CR61]\], renal cell carcinoma \[[@CR51], [@CR62]--[@CR64]\], ovarian cancer \[[@CR65]--[@CR67]\], and pancreatic cancer \[[@CR65], [@CR68]\]. Targeting this antigen is feasible as CD70/CD27 signaling is not essential for the development of a functional immune system as CD27^−/−^ mice recover from infection in a similar time frame as CD27^WT^ mice \[[@CR69], [@CR70]\]. Targeting was first performed using monoclonal antibodies against CD70, and this showed promise in animal models \[[@CR51], [@CR71], [@CR72]\]. CD70 CAR T cells contain the human CD27, the natural binding partner of CD70, fused to the CAR signaling domain \[[@CR48]\].

CD38 {#Sec8}
----

CD38 is a glycoprotein associated within lipid rafts and is specific to cell surface receptors that function to regulate calcium flux and mediate signal transduction in both lymphoid and myeloid cells \[[@CR73]--[@CR75]\]. While CD38 is expressed consistently on myeloma cells \[[@CR73], [@CR76]\], it's expression is limited on normal lymphoid and myeloid cells \[[@CR77]\] (Fig. [4d](#Fig4){ref-type="fig"}). As a TAA, CD38 has been used as a target via monoclonal antibody treatment (Daratumumab) \[[@CR73]\], which was approved by the FDA in 2015 for patients with multiple myeloma \[[@CR78]\]. Daratumumab showed an overall response rate of 31%, which demonstrates the success of utilizing CD38 as a target. CD38 CAR T cells have shown similar efficacy against double-hit lymphoma cells (MYC rearrangement along with BCL2 or BCL6 rearrangement) \[[@CR79]\]. With promising data, CD38 CAR T cells are currently in phase I trials against myeloma to test safety and dosing.

BCMA {#Sec9}
----

B cell maturation antigen (BCMA) is a TNF receptor that binds B-cell activating factor (BAFF) and is universally expressed on myeloma cells but has insignificant expression on major adult organs \[[@CR80]\] (Fig. [4b](#Fig4){ref-type="fig"}). BCMA is exclusively expressed in B-cell lineage cells, and is expressed during plasma cell differentiation \[[@CR81]\]. In preclinical models, anti-BCMA CAR T cells have shown effective killing of myeloma cells both in vitro and in vivo \[[@CR82], [@CR83]\]. Following Phase I safety studies, some patients experienced neurotoxicity and cytokine release syndrome, which are common side effects of CAR T cell treatment \[[@CR84]\]. Other side effects of targeting BCMA are similar to those of other hematological malignancies, as patients suffer from partial or complete B cell aplasia.

Current clinical targets for solid tumors {#Sec10}
=========================================

While CAR T cell therapy has been very successful against hematological malignancies, it has been challenging to apply this technology to solid tumors. This challenge has resulted in a strong effort to discover biomarkers for solid malignancies. As such, there are 17 biomarkers currently in clinical trials for solid tumors (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Biomarker targets for solid malignancies. Over 14 different organ types are currently being targeted using a variety of different biomarkers. Many biomarker targets have expression in several different cancer types

Mesothelin {#Sec11}
----------

Mesothelin (MSLN), the second most frequently targeted biomarker after CD19, has emerged as an attractive target for cancer immunotherapy. MSLN is a cell-surface glycoprotein with presence in the sera of cancer patients as soluble MSLN-related peptide (SMRP). Within normal tissue, the expression of MSLN is restricted to mesothelial cells lining the pericardium, peritoneum, and pleura. Yet, in cancer cells, MSLN is overexpressed on nearly a third of human malignancies \[[@CR85]\]. Elevated levels of MSLN have been reported on ovarian cancers \[[@CR86], [@CR87]\], non-small-cell lung cancers \[[@CR88], [@CR89]\], breast cancers \[[@CR90], [@CR91]\], esophageal cancers \[[@CR92]\], colon and gastric cancers \[[@CR93]\], and pancreatic cancers \[[@CR94]\]. In addition, Lamberts et al. reported MSLN expression in other solid tumors such as thyroid cancer, renal cancer, and synovial sarcoma \[[@CR95]\]. The biological function of MSLN is nonessential given that MSLN^−/−^ mice do not show any phenotypic abnormalities \[[@CR96]\]. However, the overexpression of MSLN has been associated with cancer cell proliferation, increased local invasion and metastasis, and resistance to apoptosis induced by cytotoxic agents \[[@CR91], [@CR97]--[@CR99]\]. MSLN-CAR T cells have been created and tested against ovarian cancer, and lung cancer \[[@CR97]\]. These CAR T cells have shown significant increases in T cell proliferation, T cell redistribution to metastatic sites, reduction in tumor burden, and increased overall survival. This promising pre-clinical data has led to several Phase I clinical trials to test the safety and efficacy of MSLN CAR T cell therapy against several tumors. Initial Phase I clinical trials have shown transient expression of the MSLN-CAR T cells and minimal cytokine release syndrome or on-target, off-tumor effects (NCT01355965, NCTO 02159716 & NCTO01897415). A single infusion of MSLN-CAR T cells resulted in decreased tumor burden and patients had no signs of long-term toxicities 1--2 months post infusion \[[@CR100]\].

Her2 {#Sec12}
----

HER2 (Human epidermal growth factor 2) is a transmembrane tyrosine kinase in the ERBB family. The HER2 receptor plays an important role in normal cell growth and differentiation, activating PI3K/Akt and RAS/Raf/MEK/MAPK pathways \[[@CR101]\]. Studies have reported HER2 protein overexpression, gene amplification, and mutation in many cancers including breast, lung, colorectal, brain, ovarian, and pancreas \[[@CR102]\]. Overexpression of HER2 has been found to be associated with increased tumor cell proliferation and invasion \[[@CR103]\], decreased response to hormonal treatment \[[@CR104]\], and resistance to apoptosis \[[@CR105]\]. HER2 has been targeted utilizing DNA vaccines, peptide vaccines, and dendritic vaccines which have shown promising results in both preclinical and early clinical studies \[[@CR106], [@CR107]\]. Trastuzumab, a humanized monoclonal antibody developed to target overexpressed HER2 receptor, has also shown success as an immunotherapy treatment. Trastuzumab, along with chemotherapy, has increased overall survival and risk of recurrence compared to chemotherapy alone in HER2 overexpressing breast cancer patients \[[@CR108]\]. Several groups have reported the anti-tumor activity, persistence, and application feasibility of HER2 CAR T cells preclinically in HER2 overexpressing cancer as an alternative targeted therapy \[[@CR109]--[@CR111]\]. The success of preclinical experiments of HER2 CAR T cell has led to the initiation of several clinical trials for the treatment of various cancers \[[@CR112]--[@CR114]\]. Additionally, Her2 is also used as a target in combinatorial therapy engaging multiple targets as well as modified receptors that enhance T cell signaling. T1E28z CAR T cells engage multiple ErbB dimers, including Her2-containing heterodimers. The CAR is co-expressed with a chimeric cytokine receptor called 4αβ that amplifies mitogenic stimulus delivered by IL-4, providing a convenient tool to enrich CAR T cells ex vivo \[[@CR115]\]. Initial trials using these combinatorial CARs have shown safe intra-tumoral administration in patients with advanced head and neck squamous cancer \[[@CR116]\].

GD2 {#Sec13}
---

GD2 is a ganglioside antigen that is expressed on the surface of several malignancies including neuroblastoma \[[@CR117]\], glioma, cervical cancer, and sarcoma \[[@CR118], [@CR119]\]. The normal expression of the protein is limited to neurons, melanocytes, and peripheral nerve fibers \[[@CR119]--[@CR121]\]. One of the most successful trial reports for CARs in solid tumors has been using GD2 as a target for neuroblastoma \[[@CR122]--[@CR125]\]. Not only did GD-2 CAR T cells induce a response in 30% of patients, including a complete remission in 3 patients, but researchers found long term persistence of the CAR T cells post treatment, which subsequently reduced tumor recurrence/progression \[[@CR125]\]. Meanwhile, GD2 monoclonal antibodies (Dinutuximab) have been effective for the control of neuroblastoma \[[@CR119], [@CR126]--[@CR128]\] and this product is currently FDA approved for that application. There have been some observed cytotoxicities associated with targeting GD2, such as sensorimotor demyelinating polyneuropathy presumably caused by on-target toxicity affected myelinated peripheral nerve fibers \[[@CR120]\]. In preclinical models, severe lethal CNS toxicity caused by CAR T cell infiltration and proliferation within the brain resulted in neuronal destruction \[[@CR129]\]. Therefore, although there has been success utilizing CAR therapy in patients, necessary precautions need to be taken to avoid neurotoxicity as GD2 has expression in normal neural cells. GD2, as of May 2018, has 10 ongoing clinical CAR T cell trials targeting primarily neuroblastoma. A majority of these clinical trials are in phase I status to determine the safety of the treatment. One of the clinical trials (NCT02765243) is testing the incorporation of a kill switch, which is an engineered suicide gene (iCasp9) to help avoid neurotoxicity.

MUC1 {#Sec14}
----

MUC1 is a large transmembrane glycoprotein that is transcriptionally upregulated in breast and ovarian tumors \[[@CR130], [@CR131]\]. MUC1 expression is confined to normal luminal epithelium, and the expression is lost upon transformation \[[@CR132]--[@CR136]\]. MUC1 has recently become an interesting target in cancer immunotherapy because of the overexpression of aberrantly glycosylated MUC1 in most solid tumors and several hematological malignancies. This is in addition to the role of MUC1 in cancer progression, invasion, metastasis, angiogenesis, and chemoresistance. Although expressed significantly on malignant cells, MUC1 targeting presents some complications as MUC1 is shed and may inhibit tumor antibody binding/recognition \[[@CR137]\]. MUC1 also has the ability to inhibit T cell function and thereby promotes an anti-inflammatory TME \[[@CR138]\]. CAR T-cell therapy targeting MUC1 has been beset with several challenges such as steric hindrance and glycosylation-related epitope heterogeneity \[[@CR139]\]. Following CAR optimization with tripartite endodomains and high affinity screening for effective ScFv fragments, MUC1-CAR T cells showed significant delays in tumor growth in mouse xenograft models \[[@CR139]\]. MUC1-CAR T cells also show enhanced proliferation, increased IFN-ϒ secretion, and enhanced anti-tumor efficacy when compared to control CAR T cells in vitro \[[@CR140]\]. Based on the success of these preclinical MUC1-CAR T cells, several clinical trials targeting MUC1 in several cancer types have begun. Early phase 1 clinical trials revealed no initial adverse side-effects and patient cytokine levels increased, indicating a positive response as tumor necrosis was observed \[[@CR141]\].

GPC3 {#Sec15}
----

Glypican-3 (GPC3) is a GPI bound sulfate proteoglycan involved in cellular growth, differentiation, and migration \[[@CR142], [@CR143]\]. GPC3 shows elevated expression in approximately 75% of hepatocellular carcinoma samples, but had no expression in corresponding normal tissue \[[@CR144], [@CR145]\]. GPC3 is also elevated within breast cancer \[[@CR146]\], melanoma \[[@CR147]\], and pancreatic cancer \[[@CR148], [@CR149]\] demonstrating its use across a wide variety of cancer types. GPC3 CAR T cells showed promising preclinical results targeting tumors in mouse xenograft models \[[@CR150]\]. In human trials there was minimal toxicity and all patients tolerated the treatment (NCT02395250) \[[@CR151]\]. Further clinical trials targeting lung cancer, pancreatic cancer, and colorectal cancer are ongoing.

IL13Rα2 {#Sec16}
-------

There are currently two clinical trials, one initiated in 2015 and one in 2018, testing the efficacy and safety of IL13Rα2 directed CAR T cells against glioma patients. IL-13 is a T helper 2 (TH2) derived cytokine involved in immune regulation. IL13Rα2 is an IL-13 receptor that acts as a decoy by directly competing with the IL13Rα1 receptor to elicit downstream STAT signaling \[[@CR152], [@CR153]\]. IL13Rα2 receptors are upregulated in approximately 50% of glioma patients and have a strong correlation with poor survival \[[@CR154]\]. As a gene that is highly expressed in tumor infiltrating macrophages (TIM) and tumor-associated macrophages (TAM), but shows minimal expression in normal brain tissue, IL13Rα2 has been previously studied as a cancer vaccine, and more recently as a direct target for CAR therapy. Initially, IL13Rα2 CAR T cells were developed utilizing a membrane-tethered IL13 ligand mutated at residue 13 (E➔Y) \[[@CR154]\] as the antigen recognition domain. Unfortunately, it was determined that these domains also recognized IL13Rα1 receptors as well, which raised significant safety concerns. New CAR T cell constructs targeting IL13Rα2 therapy rely on scFv-based targeting. With this modification in antigen specificity, scFv-based IL13Rα2 CARs induce tumor regression in mouse xenograft models of glioma and show insignificant recognition of IL13Rα1 receptors \[[@CR155]\]. In 2016, a patient who received Il13Rα2 CAR T cells through two intracranial delivery routes followed by infusions into the ventricular system over 220 days showed regression of all intracranial and spinal tumors which continued 7.5 months after the initiation of the therapy \[[@CR156]\]. This remarkable sustained response by this patient demonstrates the promise of targeting IL13Rα2.

PSCA {#Sec17}
----

Prostate stem cell antigen (PSCA) is a serine protease \[[@CR157], [@CR158]\] expressed in the basal cells of normal prostate cells \[[@CR159]\] and is overexpressed in approximately 80% of prostate cancers \[[@CR160]--[@CR163]\]. In addition, PSCA expression increases with both high Gleason score, and metastasis \[[@CR162]\]. The expression of PSCA is limited to the basal cell epithelium in the prostatic epithelium \[[@CR160]\]. As a protein attached to the cell surface via a GPI-anchor, it serves as an ideal target for prostate cancer and further metastatic sites \[[@CR162]\]. PSCA has also been found expressed on other cancer types such as gastric cancer, gallbladder adenocarcinoma \[[@CR164]--[@CR166]\], non-small-cell lung cancer \[[@CR159], [@CR167]\], ad pancreatic cancer \[[@CR168]\]. In humanized mouse models, CAR T cells targeting PSCA induced significant antitumor activity in pancreatic cancer \[[@CR168]\]. Although initial results have been promising, preclinical reports have shown that tumors can escape PSCA-CAR T cells and while treatment does prolong survival, it does not necessarily eradicate PSCA-expressing tumors \[[@CR169], [@CR170]\].

VEGFR2 {#Sec18}
------

Vascular endothelial growth factor receptor 2 (VEGFR2) is an important mediator of tumor angiogenesis \[[@CR171], [@CR172]\]. VEGFR2 is involved in microvascular permeability, endothelial cell proliferation, invasion, migration, and survival \[[@CR173]\]. Overexpression of VEGFR2 has been associated with increased metastasis in several malignancies \[[@CR174], [@CR175]\], and VEGFR2 expression has also been shown on squamous cell carcinomas of the head and neck \[[@CR176]\], colorectal cancer \[[@CR177], [@CR178]\], breast cancer \[[@CR179], [@CR180]\], and NSCLC \[[@CR181]--[@CR183]\]. While overexpressed in cancer, the expression of VEGFR2 in normal tissue is restricted to endothelia and mesothelial \[[@CR184]\]. Initial targeting of VEGFR2 with monoclonal antibodies has resulted in growth inhibition and decreased micro vessel density while simultaneously inducing tumor cell apoptosis and necrosis \[[@CR185], [@CR186]\]. These preclinical results have been shown in NSCLC, renal carcinoma, hepatocellular carcinoma, melanoma, ovarian cancer, and colorectal cancer \[[@CR174], [@CR187]--[@CR191]\]. To date, only one clinical trial has been enrolled utilizing CAR T cells against VEGFR2 (NCT01218867) \[[@CR192]\].

CEA {#Sec19}
---

Carcinoembryonic antigen (CEA) is a glycoprotein on the surface of several carcinomas \[[@CR193]\]. The most studied use for CEA as a surface biomarker has been in liver metastasis, especially originating from colorectal cancer \[[@CR194]--[@CR196]\]. CEA is also significantly expressed on the surface of gastric cancer, pancreatic cancer, ovarian cancer, and lung cancers \[[@CR197]\]. While CEA is expressed on the surface of some normal cells, including epithelial cells in the pulmonary tract and in the gastrointestinal tract, these normal sites of expression are invisible to immune detection as CEA is restricted to the apical surface of the epithelial cells that face the lumen in normal adults \[[@CR198], [@CR199]\]. As the cells are 'invisible' to immune detection it renders CEA an attractive target with limited bystander cytotoxicity. Following cancer development, epithelial cells lose apical polarity, which subsequently results in CEA gaining access to the blood stream and into the serum of the patient \[[@CR200]\]. This renders CEA a useful diagnostic biomarker, as serum detection can serve to identify cancer development for several cancer types including breast \[[@CR201]--[@CR203]\], skin cancer \[[@CR204]\], NSCLC \[[@CR205]--[@CR207]\], gastric \[[@CR202], [@CR208]--[@CR211]\], and pancreatic cancer \[[@CR202], [@CR212]--[@CR215]\]. Preclinical testing with CEA-CAR T cells has shown that lymphodepletion or myeloablation prior to infusion is required to induce a response in mice with CEA+ tumors \[[@CR198]\]. Initially, CEA was targeted utilizing engineered TCRs, but trials were halted as patients developed severe colitis as a result of off target killing of normal epithelial cells \[[@CR216]\]. These same results have yet to be observed with CAR T cell therapy targeting CEA, but patients are treated with caution to avoid on-target, off-tumor cytotoxicity.

PSMA {#Sec20}
----

Prostate specific membrane antigen (PSMA), or Glutamate carboxypeptidase II (GCPII) \[[@CR158]\], is a glycoprotein \[[@CR217]\] with three known activities including folate hydrolase \[[@CR218]\], NAALADase \[[@CR219]\], and dipeptidyl peptidase \[[@CR217]\]. While PSMA is expressed in normal prostate epithelium \[[@CR217]\], it has been shown in 90% of human prostate tumors including their respective metastatic sites \[[@CR158], [@CR220], [@CR221]\]. PSMA has also been expressed in low levels in salivary glands, brain, and kidneys \[[@CR222]--[@CR224]\]. In initial pre-clinical models, anti-PSMA CAR T cells were able to effectively target and eliminate 60% of tumors in treated animals while significantly improving overall survival *in viv o* \[[@CR225]\]. Following Phase I clinical trials, no anti-PSMA toxicities were noted and 40% of patients achieved clinical partial responses (PR) \[[@CR226]\]. More recently, PSMA CAR T cells have been designed to resist TGFβ suppression, which is commonly found in prostate cancers, via a negative TGFβ receptor II \[[@CR7]\]. In patients with castrate metastatic prostate cancer, PSMA-CAR T cell therapy is not only safe, but patients experience cytokine production suggestive of persistence of T cells in the blood for up to 2 weeks (NCT01140373) \[[@CR227]\].

ROR1 {#Sec21}
----

Receptor tyrosine kinase like orphan receptor 1 (ROR1) is a Wnt5a surface receptor expressed during embryonic development, but generally absent from adult tissue with the exception of adipocytes, gut, pancreas, and parathyroid glands \[[@CR228]--[@CR230]\]. In the case of cancer, ROR1 has shown high levels in several solid malignancies: pancreatic \[[@CR231], [@CR232]\], ovarian \[[@CR231], [@CR233]--[@CR235]\], breast \[[@CR231], [@CR236]--[@CR238]\], lung \[[@CR231], [@CR239], [@CR240]\], gastric cancer \[[@CR241]\], and colorectal cancer \[[@CR242]\]. High levels of ROR1 have shown strong correlation to poor patient outcome and also to developing metastasis \[[@CR235], [@CR243]\]. There has been some conflicting preclinical studies where CAR T cells targeting ROR1 have demonstrated severe cytotoxicity as the cells accumulated within the lungs \[[@CR244]\]. Meanwhile, other studies have shown great success in targeting ROR1, which may be a direct cause of the specificity of the antibody utilized for the scFv \[[@CR245], [@CR246]\]. Currently, ROR1 is being used in clinical trials to target breast and lung cancers.

FAP {#Sec22}
---

Fibroblast activation protein (FAP) is a transmembrane serine protease with high expression on cancer-associated stromal cells (CASC) in epithelial cancers \[[@CR247]--[@CR249]\]. In pancreatic tumors, FAP shows significant elevation and is correlated with worse clinical outcome \[[@CR250]\]. In colorectal cancer, patients with high levels of FAP were more likely to develop metastasis, recurrence, and aggressive disease progression \[[@CR251]\]. FAP does not have this same expression within normal cells, as most stromal cells have insignificant levels of the protein \[[@CR252]--[@CR254]\]. As a therapeutic target, FAP has been utilized as a useful cancer vaccine in inhibiting tumor growth and increasing cytotoxicity \[[@CR247], [@CR255], [@CR256]\]. As the biomarker has shown success as a targeting agent, CAR T cells targeting FAP have been developed. These FAP CAR T cells show conflicting results as some groups report limited antitumor efficacy \[[@CR257]\], while others report significant tumor cytotoxicity with minimal off-tumor killing \[[@CR258]\] along with prolonged survival \[[@CR259]\]. While the use of FAP CAR T cells may extend to many different organ sites, current clinical trials are designed to treat pleural mesothelioma.

EpCAM {#Sec23}
-----

Epithelial cell adhesion molecule (EpCAM or CD326) is a transmembrane glycoprotein that functions to abrogate E-cadherin-mediated cell adhesion, and functions within transcriptional complexes inducing c-myc and cyclin A & E expression \[[@CR260], [@CR261]\]. EpCAM has shown overexpression in a range of tumors including colon adenocarcinoma, stomach adenocarcinoma, pancreatic adenocarcinoma, lung adenocarcinoma, ovarian adenocarcinoma, breast adenocarcinoma, and AML \[[@CR262]--[@CR265]\]. The protein is found at the basolateral cell membrane of normal adult tissue \[[@CR266]\]. EpCAM has shown significance as a biomarker for early cancer development \[[@CR267]\]. Like several other biomarker targets described, antibody therapy targeting EpCAM (Catumaxomab) has been used in patients to treat peritoneal carcinomatosis (PC) which resulted in a slight increase in survival \[[@CR268]\]. Further clinical trials with Catumaxomab have been used to target bladder cancer \[[@CR269]\], head and neck cancer \[[@CR270]\], ovarian cancer \[[@CR271]\], and metastatic disease \[[@CR272]\]. These trials resulted in an increase in overall patient survival. EpCAM specific CAR T cells have been developed to treat prostate, breast, and peritoneal cancers and have shown suppressed tumor progression/delayed disease as well as CAR T cell trafficking into the tumor site \[[@CR273]--[@CR276]\].

EGFRvIII {#Sec24}
--------

Epidermal growth factor receptor variant III (EGFRvIII) is a gain of function mutated EGFR that arises from the genomic deletion of exons 2--7. The deletion of these exons leads to a ligand-independent receptor that endows cells with a significant growth advantage over normal cells \[[@CR277]\]. EGFRVIII is commonly found within glioblastoma patients, especially in CD133+ glioblastoma cancer stem cells \[[@CR278]\]. As a tumor-specific antigen, EGFRvIII has been targeted utilizing FDA approved cancer vaccines (Rindopepimut), which result in significant improved survival \[[@CR279]\]. Due to its success as a cancer vaccine, CAR T cells have been developed to directly target malignant cells expressing EGFRvIII. These CAR T cell therapies have shown delayed tumor growth, elimination of EGFRVIII+ tumor cells, and increased pro-inflammatory cytokine release in an antigen dependent manner \[[@CR280]--[@CR283]\]. A first-in-human study of intravenous delivery of a single dose of autologous EGFRvIII-CAR T cells (NCT02209376) had reported that the infusion of cells was feasible and safe, with no off-tumor toxicity or cytokine release syndrome. In this study, 10 patients with recurrent glioblastoma (GBM) were treated with EGFRvIII-CAR T cells. At least one patient achieved stable disease for over 18 months with a single infusion of CAR T cells. The median overall survival was about 8 months in all patients. The study, however, found that tumor microenvironment increased the expression of inhibitory molecules and infiltration by regulatory T cells which suppressed effector CAR T cell functions \[[@CR284]\]. While there are promising results using this target, there may be suppressive factors that limit its efficacy in patients. There are nine clinical trials ongoing (as of May 2018) targeting a variety of tumor types.

EphA2 {#Sec25}
-----

Ephrin type A receptor (EphA2) is a receptor tyrosine kinase that plays a key role in the development of cancer disease. EphA2 enhances tumorigenesis and progression via interactions with other cell-surface receptors such as EGFR and HER2/ErbB2, which in turn amplify MAPK, Akt, and Rho family GTPase activities \[[@CR285]--[@CR287]\]. EphA2 has shown expression in normal brain, skin, bone marrow, lung, thymus, spleen, liver, small intestine, colon, bladder, kidney, uterus, testis and prostate at low levels \[[@CR288], [@CR289]\]. Overexpression of EphA2 has been observed in malignant tissue which has been linked to poor clinical prognosis \[[@CR290]--[@CR292]\]. EphA2 has been targeted through a variety of avenues including viral vectors, RNA interference, small molecule inhibitors, recombinant proteins, and immunotherapy. Small molecule inhibitors (FDA approved-Dasatinib) of EphA2 have significantly reduced tumor growth in several cancer types, and have shown anti-tumor efficacy via the reduction of EphA2 expression and kinase activity upon treatment \[[@CR293], [@CR294]\]. On the heels of the success of these methods, CAR T cells have been developed to target EphA2 in Lung cancer \[[@CR295]\], glioma \[[@CR296]\], and glioblastoma \[[@CR297]\] which have all demonstrated cytotoxic effects both in vitro and in vivo \[[@CR298]\].

Combination therapy with multiple biomarker targets {#Sec26}
===================================================

To aid in providing both specificity and longevitiy of CAR T cells, efforts have been made to combine different biomarker targets to elicit T cell responses. Initially designed as enhancers of co-stimulation \[[@CR299]\], these CARs are termed "tandem CARs" and are designed to express two antigen binding domains. Following binding of both scFv fragments, CAR T cells are able to send an activation signal and elicit target cell death, but are unable to do this if only one scFv binds \[[@CR300]\]. BCMA CAR T cells have been linked to CS1-CAR T cells and designed to express both CAR molecules on the cell surface. They found that this combination elicited potent and specific anti-tumor activity through both antigens in vitro and in vivo \[[@CR301]\]. HER2/IL-13RA2 CAR T cells have been designed and showed additive T cell activation when both receptors were engaged, resulting in superior sustained activity \[[@CR302]\]. ErbB2/MUC1 CAR T cells have been shown to kill ErbB2 expressing cells efficiently and proliferate in a MUC1 dependent manner \[[@CR303]\]. Meanwhile, pan-ErbB CARs are designed to target 8 distinct homo- and hetero-dimers formed by the ErbB network \[[@CR115]\]. These tandem CARs avoided antigen escape, which is the primary drawback from CAR therapy as cancer evolves to sequester target antigen expression. CD20/CD19 tandem CARs have also been developed, but showed no difference between tandem CAR killing and single antigen specificity CARs in this context \[[@CR304]\]. This demonstrates that only certain combinations of biomarker targets are effective in a tandem CAR design. CD19 has also been combined with Her2 and showed the engineered cells could preserve the cytolytic activity of T cells \[[@CR305]\]. This is an ongoing worthwhile pursuit to develop CARs that have specific killing with minimal cytotoxic effects to healthy tissue. By activating upon two ScFv signals, bystander organ killing could be reduced as different antigen combinations can decrease on-target, off-tumor killing. In addition, as another mechanism to enhance CAR efficacy in vivo, CAR T cells are also being constructed to induce transcriptional activation of synthetic notch receptors upon antigen binding. By combining this form of activation with a standard CAR target, cytokine secretion profiles, T cell differentiation, and local delivery of therapeutics can be controlled \[[@CR306]\].

In an effort to increase CAR--tumor specificity and reduce off-tumor toxicity inhibitory chimeric antigen receptors (iCARs) have been developed to ensure healthy tissue is not targeted by CAR T cells. iCAR cells are designed with an ingrained override signal. When in contact with only the tumor antigen, CAR T cells elicit a cytotoxic response to the target cell, but when in contact with normal tissue antigens, the T cells are effectively turned 'off' via anti-inflammatory co-stimulation. This new technique may provide a way for biomarkers to be used in combination to elicit extremely specific effects within cancer and avoid healthy tissue toxicity \[[@CR307], [@CR308]\].

Up and coming biomarkers {#Sec27}
========================

As CAR therapy expands, so does the need for discovering new cancer-specific biomarkers that can serve as targets. We show some biomarkers with preliminary preclinical data that may be useful as future CAR targets.

CT antigens {#Sec28}
-----------

Cancer/testis (CT) antigens have normal expression limited to adult testicular germ cells, but have shown expression in various tumor cells such as ovarian cancer, lung cancer, melanoma, breast cancer, glioma, and colon cancer \[[@CR309]--[@CR316]\]. Because male germ cells are unable to present antigens to T cells, CT antigens can be targeted with minimal cytotoxicity to normal tissue. While current efforts to target CT antigens are primarily focused on modified high specific TCR regions \[[@CR317]\], there is an opportunity to target these antigens using CAR T cells as well.

GUCY2C {#Sec29}
------

Guanylyl cyclase C (GUCY2C) is a membrane-bound protein found on the apical surfaces of intestinal epithelial cells, but is also a cancer mucosa antigen that is overexpressed in both primary and metastatic colorectal cancers as well as esophageal and gastric cancers \[[@CR318]--[@CR323]\]. It has been determined that CD8+ T cell responses are expanded when cells are vaccinated against GUCY2C. These cells are effective at eliminating metastatic colorectal tumors \[[@CR324], [@CR325]\]. Initial GUCY2C targeting with CAR T cells has shown promising specificity and demonstrated reduced tumor number and increased survival in mice with GUCY2C+ tumors. This target shows potential for the possible CAR T cell treatment of colorectal tumors in human patients.

TAG-72 {#Sec30}
------

Tumor associated glycoprotein-72 (TAG-72) is a pancarcinoma antigen that shows expression in ovarian cancer \[[@CR326]\], colorectal cancer \[[@CR327]\], breast cancer \[[@CR328]--[@CR330]\], and prostate cancer \[[@CR331], [@CR332]\]. While TAG-72 is present in the normal female reproductive tract, the expression is limited and generally weaker than that seen in cancer \[[@CR333]\]. While 91% of endometrial adenocarcinoma samples showed TAG-72 expression, the expression of TAG-72 in normal tissue appears to be hormone (estrogen and progesterone) dependent, which can be utilized to prevent expression in normal patient tissue during treatment \[[@CR334]\]. As such, TAG-72 may have potential as a possible biomarker for the treatment of some cancer types.

HPRT1/TK1 {#Sec31}
---------

Salvage enzymes Thymidine Kinase 1 (TK1) and Hypoxanthine guanine phosphoribosyltransferase (HPRT1) have recently shown potential as surface antigens for CAR T cell therapy. HPRT1 is a salvage pathway enzyme that synthesizes guanine and inosine throughout the cell cycle \[[@CR335]\]. The protein is a housekeeping protein that is found within all normal somatic cells in low levels \[[@CR336]\]. There is an upregulation of HPRT1 in certain cancer types, making it a promising biomarker for the treatment of these cancers \[[@CR337], [@CR338]\]. In addition, the protein has also been shown to have significant surface localization on certain malignancies such as lung and colorectal cancer \[[@CR339], [@CR340]\]. As HPRT1 expression is limited to the cytosol within normal cells, the unique surface localization of the protein makes it promising as a targetable biomarker. TK1 is another salvage enzyme responsible for the synthesis of thymidine in the cell cycle and has been used as a serum biomarker for cancer detection and recurrence \[[@CR341]--[@CR344]\]. Recently, there has been evidence that shows that TK1 may also be upregulated within some malignancies and displayed on the surface of the cell \[[@CR345]\]. As proteins normally restricted intracellularly, TK1 and HPRT could be used as surface antigens for CAR therapy with minimal bystander cytotoxicity.

Conclusions {#Sec32}
===========

As CAR T cell therapy expands, so does the search for new biomarker targets for both hematological and solid malignancies. We have provided an analysis of the biomarker targets currently under investigation in clinical trials, in addition to those that may show clinical significance in the future upon further development. Immunotherapy is becoming the new standard in patient care and has experienced huge growth and expansion over the last decade. As CAR T cells become more sophisticated and as new biomarkers are discovered to expand treatment to numerous cancer types, the field of immunotherapy will reach more patients and aid in the improvement of care.
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